The A2A adenosine receptor (A2AR) has been shown to be a critical and nonredundant negative regulator of immune cells in protecting normal tissues from inflammatory damage. We hypothesized that A2AR also protects cancerous tissues by inhibiting incoming antitumor T lymphocytes. Here autoimmunity ͉ cancer ͉ therapy ͉ hypoxia ͉ inflammation T he coexistence of tumors and antitumor immune cells is currently explained by the inhibition of immune cells in a poorly understood ''hostile'' tumor microenvironment (1-3). This unidentified immunosuppressive mechanism limits promising cancer therapies using antitumor T cells (4-14). We hypothesized that cancerous tissues are protected from antitumor T cells because of immunosuppressive signaling via T cell A2A adenosine receptor (A2AR) (15-17) activated by extracellular adenosine produced from hypoxic tumor (Fig. 1a) . Indeed, hypoxic cancerous tissues may be protected by the same hypoxia3adenosine3A2AR pathway that was recently shown to be critical and nonredundant in preventing excessive damage of normal tissues by overactive immune cells in vivo (18). It is well established that some areas of solid tumors often have transient or chronic hypoxia (19, 20) , which is conducive to extracellular adenosine accumulation (21). Hypoxia has been implicated in mechanisms of tumor protection against ionizing radiation and some chemotherapeutic agents (19) and is associated with poor prognosis (20).
The A2A adenosine receptor (A2AR) has been shown to be a critical and nonredundant negative regulator of immune cells in protecting normal tissues from inflammatory damage. We hypothesized that A2AR also protects cancerous tissues by inhibiting incoming antitumor T lymphocytes. Here We propose to target the hypoxia3adenosine3 A2AR pathway as a cancer immunotherapy strategy to prevent the inhibition of antitumor T cells in the tumor microenvironment. The same strategy may prevent the premature termination of immune response and improve the vaccine-induced development of antitumor and antiviral T cells. The observations of autoimmunity during melanoma rejection in A2AR-deficient mice suggest that A2AR in T cells is also important in preventing autoimmunity. Thus, although using the hypoxia3adenosine3 A2AR pathway inhibitors may improve antitumor immunity, the recruitment of this pathway by selective drugs is expected to attenuate the autoimmune tissue damage.
autoimmunity ͉ cancer ͉ therapy ͉ hypoxia ͉ inflammation T he coexistence of tumors and antitumor immune cells is currently explained by the inhibition of immune cells in a poorly understood ''hostile'' tumor microenvironment (1) (2) (3) . This unidentified immunosuppressive mechanism limits promising cancer therapies using antitumor T cells (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . We hypothesized that cancerous tissues are protected from antitumor T cells because of immunosuppressive signaling via T cell A2A adenosine receptor (A2AR) (15) (16) (17) activated by extracellular adenosine produced from hypoxic tumor (Fig. 1a) . Indeed, hypoxic cancerous tissues may be protected by the same hypoxia3adenosine3A2AR pathway that was recently shown to be critical and nonredundant in preventing excessive damage of normal tissues by overactive immune cells in vivo (18) . It is well established that some areas of solid tumors often have transient or chronic hypoxia (19, 20) , which is conducive to extracellular adenosine accumulation (21) . Hypoxia has been implicated in mechanisms of tumor protection against ionizing radiation and some chemotherapeutic agents (19) and is associated with poor prognosis (20) .
T cells, including antitumor T cells, do predominantly express cAMP-elevating Gs protein-coupled high-affinity A2AR and͞or low-affinity A2B adenosine receptors (A2BR) (16, 17, (22) (23) (24) ; the number of A2AR per T cell may determine the intensity of maximal T cell response to adenosine (25, 26) . Whereas we focused on A2AR, others have discounted A2 receptors and suggested the A3 adenosine receptors as responsible for inhibition of antitumor killer T cells (27, 28) . Here we report that genetic deletion of A2AR accomplishes the complete rejection of immunogenic tumors by antitumor CD8
ϩ T cells in the majority (Ϸ60%) of mice, whereas the antagonists of A2 receptors facilitate CD8 ϩ T cell-mediated retardation of tumor growth.
Results
The Gradient of T Cell-Inhibiting Extracellular Adenosine in Tumors. It was important to confirm the presence of elevated extracellular adenosine levels in cancerous tissues using a reliable method (29) . The HPLC analysis and the use of equilibrium dialysis probes demonstrated higher levels of extracellular adenosine (Fig. 1b) , increased adenosine metabolism, and the concomitant increase in cAMP (29) in a solid tumor microenvironment (Fig. 7 , which is published as supporting information on the PNAS web site). We also confirmed that antitumor CD8 ϩ T cells used in this study do express the cAMP-elevating functional A2AR and A2BR (Fig. 1c) . To directly test whether A2AR inhibit antitumor T cells in vivo, we studied the effects of A2AR gene deletion or competitive antagonists on tumor growth in mice using different CD8 ϩ T celldependent cancer immunosurveillance and adoptive immunotherapy models.
A2AR Deficiency in the Host Leads to Complete Tumor Rejection.
To provide genetic evidence of the role of A2AR in protecting tumors from antitumor T cells, we compared the growth of immunogenic CL8-1 melanoma (Fig. 2 ) and RMA T lymphoma (Fig. 3 ) in C57BL͞6-background A2AR gene-deficient (A2AR Ϫ/Ϫ ) and in WT control C57BL͞6 mice. We selected these well established tumor models because the growth of CL8-1 melanoma (30, 31) and RMA T lymphoma (32) is controlled by endogenous antitumor CD8 ϩ T cells up to a certain size, and then the tumor kills 100% of tumor-bearing mice (see Supporting Text, which is published as supporting information on the PNAS web site). The key role of
CD8
ϩ T cells in response to CL8-1 is confirmed in control experiments (Fig. 8 , which is published as supporting information on the PNAS web site), where similar acceleration of the onset of CL8-1 growth was observed in RAG-1 Ϫ/Ϫ and CD8 Ϫ/Ϫ mice, but not in CD4 Ϫ/Ϫ mice, as compared with WT mice. This finding was also confirmed in WT mice depleted of either CD4 ϩ or CD8 ϩ T cells by injecting anti-CD8 or anti-CD4 antibodies (see Supporting Text).
Remarkably, in Ϸ60% of A2AR Ϫ/Ϫ tumor-bearing mice, both CL8-1 (Fig. 2a) and RMA (Fig. 3b) tumors have been completely rejected after reaching a relatively large size. The elimination of tumor resulted in mouse survival (Figs. 2b and 3c ). In contrast, no tumor rejection and no mice survival was observed in parallel controls with tumor-inoculated WT mice (Figs. 2a and 3a) , which (19, 20) could be conducive to accumulation of adenosine (15, 27) , which then may inhibit antitumor CD8 ϩ T cells by increasing their immunosuppressive intracellular cAMP levels (15) (16) (17) . Genetic targeting of A2AR may deinhibit CD8 ϩ T cells and thereby facilitate their antitumor effector functions, as was shown in models of T cell-dependent viral and autoimmune hepatitis (18) . A similar outcome could be accomplished by using A2AR antagonists, e.g., ZM241,385, which were shown to prevent adenosinetriggered cAMP elevation (26) , reverse the adenosine-mediated inhibition of activated CD8 ϩ T cells (24) in vitro, and deinhibit activated immune cells in vivo (18) . Evidence for such a tumor-protecting mechanism may also be do express the tumor-protecting A2AR on their antitumor CD8 ϩ T cells. In an important internal control, no tumor rejection or mouse survival was observed when the parent of CL8-1, the nonimmunogenic B16 melanoma, was inoculated into either WT or A2AR Ϫ/Ϫ mice (Fig. 2c) .
The anti-CL8-1 melanoma response of CD8 ϩ T cells in the A2AR Ϫ/Ϫ host was accompanied by different appearance of tumors and of tumor-rejecting mice as compared with WT mice (Fig. 2 d  and e) . Whereas the solid, spherical, and well defined tumors were continuously increasing in size in WT mice, the soft, flat, poorly defined tumors in A2AR Ϫ/Ϫ mice often showed central necrosis, and, in some mice, their disappearance and healing were accompanied by hair loss. In addition, the signs of spontaneously resolved autoimmunity were observed in some A2AR Ϫ/Ϫ mice, which rejected tumors. As shown in Fig. 2e , these tumor-rejecting mice lost hair around the eyes around day 30, and then (day 70) became ''nude''-like. On day 90 the hair was regrown. These observations resemble reports of autoimmunity in melanoma-rejecting mice (13) and melanoma patients who were undergoing immunotherapy with melanoma antigen-specific T cells (14) .
Importantly, the deficiency in A2AR did not prevent the establishment or the early growth of inoculated tumors; rather, it has improved the destruction of larger, developed tumors (Figs. 2 and  3) . In some experiments the CL8-1 tumors started growing similarly in both WT and A2AR Ϫ/Ϫ host, and then the tumor seemed to disappear (around day 14) in both WT and A2AR Ϫ/Ϫ mice only to reappear in WT mice but not in A2AR Ϫ/Ϫ mice (data not shown). The early time course of growth and rejection of RMA tumors in A2AR Ϫ/Ϫ mice, but not in WT controls, is shown in Fig. 9 , which is published as supporting information on the PNAS web site.
The outcome described here depended on the size of the tumor inoculum, which determines the capability of antitumor CD8 ϩ T cells to completely reject tumors. A smaller number of injected cells resulted in rejection of tumors even in WT mice, although the rejection was statistically significantly accelerated in A2AR Ϫ/Ϫ mice (Fig. 9 ).
A2AR and A2BR Antagonists Facilitate the Retardation of Tumor
Growth Mediated by Antitumor CD8 ؉ T Cells. To test whether the pharmacological inhibition of A2AR would render antitumor CD8 ϩ T cells resistant to inhibition by tumor-produced adenosine (Fig. 1) , we studied the effects of ZM241,385 [a competitive and selective antagonist of both A2AR and A2BR (23, 33, 34) ] or of caffeine (1,3,7-trimethylxanthine) [which at physiologically relevant concentrations preferentially antagonizes A2AR (35)].
The effects of antagonists were tested in models of cancer immunosurveillance by endogenous CD8 ϩ T cells and in adoptive immunotherapy models using in vivo induced and ex vivo expanded antitumor CD8 ϩ T cells of defined antigen specificity (30, 31, (36) (37) (38) (39) .
Effect of A2 Adenosine Receptor Antagonists on Adoptively Transferred Antitumor CD8 ؉ T Cells. The A2 receptors antagonists ZM241,385 and caffeine were found to enhance the antitumor effects of CD8 ϩ T cells in studies of anti-CMS4 sarcoma CD8 ϩ T cells in a lung metastasis model. Controls confirmed that CD8 ϩ T cells used are tumor peptide-specific (data not shown), and they do express functional A2AR and A2BR (Fig. 1c) because the adenosine-induced increase of cAMP could be blocked by either ZM241,385 or caffeine (Fig. 10 , which is published as supporting information on the PNAS web site). The combined treatment of mice with adoptive transfer of CD8 ϩ T cells and antagonists resulted in statistically better destruction of lung metastasis than with CD8 ϩ T cells alone (Figs. 4 a and b and 10 ). A2 adenosine receptor antagonists also improved the antitumor activity of effector CD8 ϩ T cells specific for the poorly immunogenic tumor LL-LCMV as evidenced by strongly enhanced CD8 ϩ T cell-mediated destruction of LL-LCMV tumor and tumor growth retardation after administration of caffeine (Fig. 11 , which is published as supporting information on the PNAS web site). site). Of promise, caffeine has a much longer half-life in vivo in humans (40) .
A2AR͞A2BR Antagonists May Deinhibit the Production of IFN-␥ by
Antitumor T Cells in the Tumor Microenvironment. The neovascularization-inhibiting properties of IFN-␥ were shown to be crucial for antitumor action of T cells in vivo (8) , and better tumor destruction in mice with inactivated A2AR͞A2BR (Figs. 2-4 ) could be at least partially explained by the release of CD8 ϩ T cells from A2AR-mediated inhibition of IFN-␥ production in the adenosine-rich tumor microenvironment (Fig. 1) . The acceleration of CL8-1 melanoma growth in IFN-␥ receptor gene-deficient mice (Fig. 5a) and observations of capacity of A2AR͞A2BR-mediated signaling to inhibit the T cell receptor-triggered up-regulation of IFN-␥ mRN〈, lymphotoxin-␤ mRNA, and TNF-␣ mRNA in antitumor T cells (Fig. 5b) are consistent with this hypothesis.
The increased levels of IFN-␥ near or within tumors in mice with inactivated A2AR͞A2BR were, in turn, expected to inhibit neovascularization and thereby enhance tumor cell death. This expectation was confirmed by observations of antagonist (caffeine)-mediated inhibition of tumor neovascularization and by increased apoptosis of tumor cells (Fig. 5c) . Significantly more blood vessels and sprouting capillaries were observed in tumors from untreated mice than in tumors from caffeine-treated mice (Fig. 5 c and d) . The large established blood vessel visible in the center of Fig. 5c Lower Right (red) reflects the fact that treatment with caffeine started at day 28, when the tumor was already large (Ϸ200 mm 3 ). In addition, fewer surrounding new small vessels or endothelial cells were observed in a representative field. Tumor cells (blue) around this vessel area are normal and viable; however, farther away from this vessel area there are almost no new sprouting capillaries, and there are numerous apoptotic tumor cells (Fig. 5c Lower Right, green).
Antitumor Effects of A2AR Targeting Are CD8 ؉ T Cell-Dependent. The genetic deletion or pharmacological antagonism of A2AR resulted in complete rejection or growth retardation of tumors only if they were immunogenic and generated antitumor CD8 ϩ T cells in an immunocompetent host. The complete tumor rejection in an A2AR Ϫ/Ϫ host (Figs. 2 and 3 ) or the delay of rapid tumor growth in WT mice by antagonists (Fig. 4) was due to augmentation of effects of CD8 ϩ T cells rather than to effects on some other cells that are unrelated to CD8 ϩ T cell functions. This finding is supported by several lines of evidence. In one of the controls we compared the genetically engineered immunogenic CL8-1 melanoma with the parent cell line, B16 melanoma. The CL8-1 melanoma was established from nonimmunogenic B16 melanoma by increasing expression of H-2K b MHC class I molecules to increase CL8-1 immunogenicity (30, 41) . The growth of CL8-1 in WT mice was delayed compared with growth of B16 cells because of anti-CL8-1 CD8 ϩ T cells (Fig. 2 b and c) . In addition, many CD8 ϩ T cells have been observed among infiltrating lymphocytes in CL8-1 tumors, whereas no infiltration of antimelanoma T cells was observed in tumors developed after inoculation of B16 melanoma (30, 41) . If the rejection of CL8-1 tumor in A2AR Ϫ/Ϫ mice (Fig. 2a) was due to A2AR deficiency in cells other than CD8 ϩ T cells or in cells that are unrelated to CD8 ϩ T cell functions, then complete B16 melanoma rejection would be also expected in A2AR Ϫ/Ϫ mice, because B16 differ from CL8-1 only in the ability to generate antitumor CD8 ϩ T cells. The opposite was found. B16 melanoma was growing equally fast in both WT and A2AR Ϫ/Ϫ mice, and none of A2AR Ϫ/Ϫ mice survived B16 inoculation (Fig. 2c) .
It is shown that ZM241,385 (or caffeine; data not shown) significantly delayed CL8-1 growth in WT mice, which developed anti-CL8-1 CD8 ϩ T cells (Fig. 4c) , but did not affect tumor growth in a control group of nude mice with no anti-CL8-1 CD8 ϩ T cells (data not shown). These control experiments with immunodeficient mice support the view that antitumor effects of antagonist require CD8 ϩ T cells. In addition, the reduction in tumor growth by antagonists in adoptive immunotherapy models has been observed when antagonists were given in combination with anti-CD8 ϩ T cells, but not alone (Fig. 4) .
Finally, we found improvement of adoptive immunotherapy when A2AR and A2BR expression in antitumor CD8 ϩ T cells was specifically blocked by siRNA pretreatment before their adoptive transfer (Fig. 6) . The pretreatment of antitumor T cells with A2AR and A2BR siRNA reduced CMS4 lung metastasis from 83 to 49 (P ϭ 0.0116) and also improved survival of RMA-inoculated mice (control, 2͞12; A2AR͞A2BR, 7͞12; P Ͻ 0.05), suggesting that, indeed, the A2AR expressed on antitumor CD8 ϩ T cells play an inhibitory role during attack on tumor. Taken together, these controls also provide genetic evidence for the critical role of A2AR in regulation of effector functions of antigen-specific CD8 ϩ T cells in vivo and, possibly, in control of T cell-mediated autoimmunity.
Discussion
The data presented suggest that antitumor T cells are inhibited by tumor-produced extracellular adenosine because of the A2AR-triggered elevation of intracellular levels of cAMP. Increase of intracellular cAMP induces protein kinase A-mediated phosphorylation and activation of COOH-terminal Src kinase (Csk). Csk then may phosphorylate and inhibit Lck, which, in turn, diminishes TCR signaling and IFN-␥ production (22) . Recent studies of CD26 (adenosine deaminase) (42) support our hypothesis that a decrease in adenosine signaling is immunoenhancing. Among the CD8 ϩ T cell responses that could be inhibited by A2AR͞A2BR are proliferation (16) , lethal hit delivery (12, 43) , Fas ligand up-regulation (24) , and production of cytokines such as IFN-␥ (17, 44) . IFN-␥ has been demonstrated to play an important role in antitumor effects of CD8 ϩ T cells because of inhibition of tumor angiogenesis (8) . The data presented suggest a combined therapy in which the antineovascularization approach (45) could be complemented by the A2AR͞A2BR-targeting strategy described here to deinhibit and therefore enhance IFN-␥ production by antitumor T cells.
We interpret our data as (i) evidence for the major role of A2AR in cancerous tissue protection from antitumor T cells and (ii) demonstration of the feasibility of the strategy to enhance the immune-mediated tumor destruction by genetic deletion or pharmacological antagonism of A2AR and possibly A2BR. These observations also suggest future studies to establish whether A2AR may be involved as a primary trigger (17, 44) of expression of other tumor-protecting immunosuppressive molecules (37) . The proposed strategy to counteract immunosuppressive signaling by adenosine near solid tumors is complementary to other approaches directed to improve the development and function of antitumor T cells (4, 10, 11, 14) .
The limitation of this approach is that it is applicable only to immunogenic tumors (Fig. 2c) . In addition, this strategy so far resulted in complete tumor rejection in only Ϸ60% of mice with genetically targeted A2AR; antagonists caused significant, but not complete, tumor growth retardation. The tumors' escape from CD8 ϩ T cells observed in Ϸ40% of A2AR Ϫ/Ϫ mice (Figs. 2 and 3) was not due to the loss of antigen-presenting molecules (data not shown) but could be explained by the tumor-protecting A2BR, which could be expressed in the absence of A2AR on A2AR Ϫ/Ϫ CD8 ϩ T cells (Fig. 1c and Supporting Text). Activated A2BR may inhibit CD8 ϩ T cells in the adenosine-rich tumor microenvironment, and both A2AR and A2BR are expressed on some antitumor CD8 ϩ T cells (Fig. 1c) . It remains to be determined whether A2BR may account for CD8 ϩ T cell failure to destroy tumors in the 40% A2AR Ϫ/Ϫ mice that failed to reject tumors (Figs. 2 and 3 ) and whether even better tumor rejection by CD8
ϩ T cells could be accomplished by inactivation of both A2AR and A2BR in antitumor T cells. It is also important to carefully consider the known cardiovascular and neurological (35) [as well as possible proinflammatory (17, 18, 44) ] effects of A2AR and A2BR antagonists, including caffeine, as well as the ''effect inversion'' observed when comparing acute versus chronic administration of caffeine (17, 35, 46) .
Further studies of spontaneous immunogenic tumors may determine whether A2 adenosine receptors also account for the failure of T cells to destroy spontaneously arising tumors at early stages. We propose to target the hypoxia3extracellular adenosine3A2AR͞A2BR signaling pathway as a cancer immunotherapy strategy to prevent the inhibition of antitumor T cells in the tumor microenvironment. The same strategy may prevent the premature termination of immune response and improve the vaccine-induced development of antitumor and antiviral T cells.
Methods
Induction of Tumor-Specific Cytotoxic T Cells. Anti-CMS4 sarcoma CD8 ϩ T cells were prepared as described previously (38) . CMS4- specific CD8 ϩ T cells (1 ϫ 10 6 ) were expanded by stimulating with 5 ϫ 10 5 irradiated CMS4 cells in the presence of 5 ϫ 10 6 BALB͞c spleen cells and IL-2. Anti-LCMV gp33 CD8 ϩ T cells were prepared from LCMV [33] [34] [35] [36] [37] [38] [39] [40] [41] peptide-specific 318 T cell receptor transgenic mice as described in Fig. 11 . cAMP accumulation in these cells was measured as described in Supporting Text (26) .
Studies of Rejection of Tumors by Endogenous CD8 ؉ T Cells in A2AR ؊/؊
Mice. CL8-1 melanoma clone was isolated after transfection of B16BL6 melanoma clone BL6-8 with the H-2K b gene to increase immunogenicity (30, 41) . No progressively growing tumors were detected after s.c. inoculation of 1 ϫ 10 4 to 2 ϫ 10 5 CL8-1 cells in immunocompetent C57BL͞6 mice. The antitumor resistance in C57BL͞6 mice can be overcome by inoculating a higher dose of CL8-1 (e.g., 1-3 ϫ 10 6 CL8-1 cells (1.3 ϫ 10 6 ) were injected s.c. into C57BL͞6 mice. When tumors reached Ϸ8 mm in diameter mice were divided randomly into groups of 10 mice with similar tumor size (Ϸ200 mm 3 ; CL8-1 tumors reached this size around day 28 in C57BL͞6 mice).
ZM241,385 (Tocris, Ellisville, MO) treatment was done by daily i.p. injections of 0.2 mg per mouse per day. Caffeine (Sigma, St. Louis, MO) was given as drinking water (0.1% wt͞vol). The effects of these antagonists in vivo serve only as an indication that either individual A2AR or A2BR (23, 40) or both are involved in down-regulation of antitumor CD8 ϩ T cells in vivo. In control assays of ex vivo serum from antagonist-treated mice (Fig. 12 and data not shown) we confirmed that, during treatment, the initial in vivo levels of ZM241,385 and caffeine in serum are sufficiently high to prevent (antagonize) the adenosine3A2AR-induced cAMP accumulation in cells.
Effects of Adenosine Receptor Antagonists on Lung Metastasis. CMS4 sarcoma cells were injected i.v. into the lateral tail vein of BALB͞c mice (2.5 ϫ 10 5 cells in 100 l total volume). Ten days later (4 days after in vitro stimulation), therapeutic CD8 ϩ T cells were injected i.v (38) . Treatment with ZM241,385 or caffeine started on the day of adoptive transfer. One to 2 weeks after adoptive transfer, the lungs were removed and processed for enumeration of metastasis. Lungs were inflated with a 15% solution of india ink, resected, and fixed in Fekete's solution. The number of pulmonary nodules was enumerated under a dissecting microscope in blind tests.
Statistics. The statistical differences between survival of mice in WT versus A2AR Ϫ/Ϫ mice were calculated according to the log-rank test. The statistical differences in the size of tumors were calculated by using the Student t test. For evaluation of the lung metastasis experiment, the more relevant Mann-Whitney test or ANOVA was used, because the lung metastasis may not be normally distributed.
